Abstract. To quantitatively investigate the cause of the changes in arithmetic mean roughness R a and arithmetic mean waviness W a of austenitic stainless steel under low-cycle fatigue loading, precise observation focusing on persistent slip bands (PSBs) and crystal grain deformations was conducted on SUS316NG. During the fatigue tests, the specimen's surface topography was regularly measured using a laser microscope. The surface topographies were analysed by frequency analysis to separate the surface relief due to PSBs from that due to grain deformation. The height caused by PSBs and that by grain deformation were measured respectively. As a result, both of the heights rose with the increase of usage factor (UF). The amount of increase in the heights with respect to UF increased with strain range. The trend of development of both heights was similar with the trend of R a and W a . A comparison between R a and the height caused by PSBs showed that these values strongly correlated with each other. A comparison between W a and the height caused by grain deformation also showed that these values strongly correlated with each other. Consequently, the surface texture parameters R a and W a represent the changes in the heights of surface reliefs due to PSBs and grain deformation.
Introduction
When important industrial facilities are subjected to excessive cyclic loadings that lead to deformation, ensuring the structural health of the facilities requires precise damage evaluation from the view-point of material strength. In general, fatigue damage is often assessed using the linear cumulative damage law. However, it is necessary to focus on the physical damage process in order to evaluate the effects of excessive cyclic loadings on subsequent fatigue life more precisely.
The surface of metallic materials become rough during cyclic loading. If the changes in the surface topography can be related to the amount of physical damage, it may be possible to estimate the degree of fatigue damage from measuring surface topography. During cyclic loading, two mechanisms cause the surface roughening of metallic materials: (a) formation of persistent slip bands (PSBs) [1] [2] [3] [4] [5] and (b) deformation of crystal grains [6, 7] . In the PSBs, there are fine peaks and valleys, i.e., extrusions and intrusions caused by active slip systems. The waveforms of these fine reliefs caused by PSBs typically have a wavelength of around 1 µm. In contrast, the wavelengths of convex and concave structure due to grain deformation are several times larger than grain size [6, 7] . Thus, the wavelengths of surface relief due to grain deformation are much larger than those due to PSBs. Several studies have reported that frequency analysis (i.e., the wavelength difference) can be used to separate a PSBs-induced surface relief from a grain-deformation-induced one [8, 9] .
In our previous study [10] , we investigated the change in the surface topography under low-cycle fatigue loadings with constant strain range conditions. The surface relief due to PSBs were separated from those due to grain deformation using frequency analysis and the evolution of each relief was evaluated using two surface texture parameters: arithmetic mean roughness R a and arithmetic mean waviness W a . As a result, R a and W a increased with the increase of usage factor UF. The amount of increase rate in R a and W a with respect to UF changes with the strain range. Additionally, it suggested that the applied strain range and the degree of fatigue damage UF could be estimated by measuring R a and W a if the strain range condition is constant. However, it has not been quantitatively investigated whether the changes in R a and W a correspond to the evolution of two surface reliefs due to PSBs and grain deformation.
On the basis of the above background, this study conducted precise observation focusing on PSBs and grain deformations in SUS316NG to quantitatively investigate the cause of the changes in R a and W a under low-cycle fatigue loading. During the fatigue tests, the specimen's surface topography was regularly measured using a laser microscope. The surface topographies were analysed by frequency analysis to separate the surface relief due to PSBs from that due to crystal grain deformation. The height caused by PSBs and that by crystal grain deformation were measured respectively. 04007 (2018) https://doi.org/10.1051/matecconf/201816504007 FATIGUE 2018
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To clarify the correspondence between the change mechanisms of surface relief and surface texture parameters, the heights of surface reliefs and surface texture parameters were compared and investigated. An hourglass-shaped specimen with an R-part of 35 mm curvature radius and the minimum cross-section diameter of φ6 was used (Fig. 1) . The specimen's surface was mirror finished by polishing with emery paper (grits from 120 to 2000) followed by buffing with diamond abrasives (particle size: 1 µm). To observe the deformation of each grain at the mirror-polished surface, a specimen etched in aqua regia was also prepared. 
Fatigue testing method and conditions
Strain-controlled uniaxial push-pull fatigue tests were conducted using a servo hydraulic fatigue testing machine with a load capacity of 100 kN. Triangular loading with constant strain range was applied to specimens in ambient air at room temperature. Axial strain ε axis was controlled by measuring the change in diameter at the specimen's minimum diameter part using an extensometer. The strain was calculated using the equation:
where d 0 is the original diameter at the minimum diameter part, and d is the diameter during the fatigue tests. The constant strain range ∆ε were two conditions: ∆ε = 4% and 2%. The strain ratio and the strain rate were R ε = -1 and 0.4 %/sec, respectively.
Measurement of surface topography
During the above-mentioned fatigue tests, the specimen's surface topography was regularly measured using a color 3D laser scanning microscope (VK-9700/9710 Generation II, KEYENCE). Cyclic loading was interrupted at arbitrary cycles, and then the specimen was removed from the testing machine for the surface topography measurement. The measurement interval was approximately 0.1 or 0.2 of the usage factor UF (=N/N f ), which represents the degree of fatigue damage as the consumption rate of life; N is the number of loading cycles, and N f is the fatigue life. The fatigue life N f at ∆ε = 4% and 2% were calculated using the following best-fit curve which were obtained from the fatigue test results in our previous study [11] .
3D surface images were taken at four to ten measurement points set on the circumference of the specimen's minimum diameter part. Two object lenses with different magnification were used for the observation of the surface reliefs due to PSBs and grain deformation: one's magnification was 150, and the other's was 20. The number of the high and low magnification images taken at a measurement point was six and one, respectively. The surface topography measurement conditions are summarized in Table 1 . Different measurement ranges and resolutions were used for each surface relief because different objective wavelengths were used for the surface topographic images, as mentioned in the next subsection. 
Image processing method
To separate the surface topography into the surface relief due to PSBs and that due to grain deformation respectively, the obtained 3D surface images were analysed by mean of two-dimensional fast Fourier transform (2DFFT) using the image analysis software (VK-Analyzer, KEYENCE).
In the analyses, low-pass and high-pass filters were applied to extract two wavelength range: one from λ s = 0.25 µm to λ c = 11.8 µm for the surface relief due to PSBs, one from λ c = 11.8 µm to λ f = 704 µm for that due to grain deformation ( Table 1) . The filters were brickwall shaped. The λ s and λ f were the cut-off wavelengths to remove measurement noise and the specimen's shape error. These values, λ s = 0.25 µm and λ c = 11.8 µm, were determined as they were the ones closest to the JISrecommended value (λ s = 0.25 µm in JIS B 0651: 2001; λ f = 704 µm in JIS B 0610: 2001). The λ c was the cut-off wavelength to separate the surface relief due to PSBs from that due to grain deformation. It was determined to be the shortest wavelength of the surface asperities caused by grain deformation. The shortest wavelength likely corresponds to the length of two adjacent small grains, which rotate opposite to each other. The smallest grain size was estimated to be about 6 µm from the grain size distribution of the supplied material, and 11.8 µm was chosen for λ c as the value closest to twice the smallest grain size.
Height measurement of surface reliefs caused by PSBs and crystal grain deformation
The height of surface reliefs due to PSBs and that due to grain deformation were respectively measured as follows using the processed surface topographic images.
Height caused by PSBs
Fig . 2 shows the processed surface topographic image where PSBs and the surface relief formed on the mirrorpolished specimen's surface were observed. Two measurement lines (light blue lines in (a)) were drawn perpendicular to PSBs (black lines in (a)), and then a profile curve at the intersecting point of the measurement line and PSBs (the red circle in (a)) was obtained as shown in (b). The height due to a PSB was defined as the vertical distance between the maximum peak height and the maximum valley depth in the profile curve of the PSB. Two height data were obtained per one PSB. Five to eight clearly visible PSBs were chosen in one surface topographic image, and the total number of the measured h was from ten to sixteen. Four surface topographic images, taken at different measurement points on the circumference, were used. The measurement interval was approximately 0.1 or 0.2 of UF. The h of the same surface relief on PSBs was measured when UF increased in the subsequent loading. The h at UF = 0 was 0 because PSBs had not appeared yet before cyclic loading.
(a) Surface image observed persistent slip bands in grains.
(b) Cross section of a PSB framed by the red circle in (a). Fig. 2 . Measuring method of the height caused by PSBs. Fig. 3 shows the processed surface image where crystal grains deformation and the surface relief on the mirrorpolished specimen's surface were observed. Five horizontal measurement lines (light blue lines in (a)) were drawn at an equal interval in the surface image. On the measurement lines, five measurement sections (red lines in (a)) were set at an equal interval: the section length was about twice the average grain size (110 µm).
Height caused by crystal grain deformation
A profile curve at the measurement line in the section (the red dotted frame in (a)) was obtained as shown in (b). The height due to grain deformation was defined as the vertical distance between the maximum peak height and the maximum valley depth in the profile curve of the measurement section (the red line in (b)). Twenty five height data were obtained per one surface topographic image. Four surface topographic images, taken at different measurement points on the circumference, were used. The measurement interval was approximately 0.2 of UF. The H of the same surface relief on the section was measured when UF increased in the subsequent loading. The H at UF = 0 was 0 because grains had not been deformed yet before cyclic loading.
(a) Surface image observed crystal grain deformation.
(b) Cross section of the area framed by a red dotted line in (a). 
Calculation of surface texture parameters
Surface texture parameters R a and W a were measured to investigate the correlations between the parameters and the surface reliefs. Areal roughness and waviness parameters (arithmetic mean roughness R a and waviness W a ) were determined from the processed surface topographic images, which were used for the height measurement of each surface relief. The area 5 µm inward from the edge of the measurement area was excluded for the calculations of R a and W a . If a crack observed in the measurement area, a region of a few µm surrounding a crack was also excluded. These processes were to prevent abnormal signals affecting the calculation of R a and W a . Fig. 4 shows the measurement results of surface texture parameters. As mentioned above, R a and W a increased with the increase of UF, and the amount of increase rate in R a and W a with respect to UF changes with the strain range.
(a) Changes in R a during cyclic loading.
(b) Changes in W a during cyclic loading. Fig. 4 . Measurement results of surface texture parameters.
Experimental results and discussion

Measurement result of h caused by PSBs
The measurement results of h are shown in Fig. 5 . The vertical and horizontal axes represent h and UF, respectively. The circle and square marks indicate the average values of the measurement data at ∆ε = 4% and 2%, and the error bars show the standard deviation. As shown in Fig. 5 , the height h rose with the increase of UF. Focusing on the increase tendency of h, the rate of increase gradually decreases after UF = 0.2. The amount of increase in h with respect to UF increased with strain range: the h under ∆ε = 4% was larger than that under ∆ε = 2% at the same UF. 
Relationship between h and R a
The trend of development of h (Fig. 5) was similar with the trend of R a (Fig. 4(a) ). To clarify the relationship between the height due to PSBs and the surface roughness parameter, h was compared with R a . Fig. 6 shows the scatter diagram: the vertical and the horizontal axes represent R a and h, respectively. Here, h was the average of the measured data per one surface topographic image, and R a was determined from the image. The circle and square marks indicate the data at ∆ε = 4% and 2%. The black dotted straight line is the regression line, passing through the origin, determined by applying the least-square method to all data on Fig. 6 . As shown in Fig. 6 , R a increased with the increase of h. Focusing on the regression line, the coefficient of determination was R 2 = 0.8629, and the correlation coefficient was R = 0.9289. The values showed that the height h and surface roughness R a strongly correlated with each other. Consequently, the surface roughness parameter R a represents the change in the height of surface relief due to PSBs. 
UF [-]
Δε=4% Δε=2%
• ∆ε = 4% ■ ∆ε = 2% Fig. 6 . Relationship between h and R a .
Measurement results of H caused by crystal grain deformation
Figs. Fig. 9 , the height H rose with the increase of UF. The amount of increase in h with respect to UF increased with strain range.
Relationship between H and W a
The trend of development of H (Fig. 9) was similar with the trend of W a (Fig. 4(b) ). To clarify the relationship between the height due to grain deformation and the surface waviness parameter, H was compared with W a . Fig. 10 shows the scatter diagram: the vertical and horizontal axes represent W a and H, respectively. Here, H was the average of the measured data per one surface topographic image, and W a was determined from the image. The circle and square marks indicate the data at ∆ε = 4% and 2%. The black dotted straight line is the regression line, passing through the origin, determined by applying the least-square method to all data on Fig.  10 . As shown in Fig. 10 , W a increased with the increase of H. Focusing on the regression line, the coefficient of determination was R 2 = 0.9700, and the correlation coefficient was R = 0.9849. These values showed that the height H and surface waviness W a strongly correlated with each other. Consequently, the surface waviness parameter W a represents the change in the height of surface relief due to grain deformation.
Summary and conclusions
Precise surface observation focusing on the surface relief due to PSBs and crystal grain deformation were conducted on low-cycle fatigued austenitic stainless steel SUS316NG to quantitatively investigate the cause of the changes in surface texture parameters R a and W a . During fatigue tests, surface topography was regularly measured using a laser microscope. The height of surface reliefs 
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